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Abstract 
A modification of the simplified Distributed Activation Energy Model is proposed to simulate the pyrolysis of 
biomass under parabolic and exponential temperature increases. The pyrolysis of pine wood, olive kernel, 
thistle flower and corncob was experimentally studied in a TGA Q500 thermogravimetric analyzer. The 
results of the measurements of nine different parabolic and exponential temperature increases for each 
sample were employed to validate the models proposed. The deviation between the experimental TGA 
measurements and the estimation of the reacted fraction during the pyrolysis of the four samples under 
parabolic and exponential temperature increases was lower than 5 ºC for all the cases studied. The models 
derived in this work to describe the pyrolysis of biomass with parabolic and exponential temperature 
increases were found to be in good agreement with the experiments conducted in a thermogravimetric 
analyzer.  
Keywords: Distributed Activation Energy Model (DAEM), Biomass pyrolysis, Thermal Gravimetric Analysis 
(TGA), Parabolic temperature profile, Exponential temperature profile. 
Nomenclature: 
b Constant for the parabolic temperature profile [ºC min-2]. 
c Constant for the exponential temperature profile [min-1]. 
c0 Constant for the exponential temperature profile [ºC]. 
Ea  Activation energy [kJ mol-1]. 
E0  Average value of the activation energy [kJ mol-1]. 
k0  Pre-exponential factor [s-1]. 
R  Universal gas constant [J mol-1K-1]. 
t  Time [s]. 
T  Temperature over the initial pyrolysis temperature [ºC]. 
T’  Temperature [ºC]. 
V Volatile mass loss [%]. 
V* Volatile mass content [%]. 
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V/V* Reacted fraction [%]. 
φexp  Value of the φ-function for the exponential temperature profile [-]. 
φpar  Value of the φ-function for the parabolic temperature profile [-]. 
σ  Standard deviation of the activation energy [kJ mol-1]. 
1. Introduction 
Fossil fuels such as oil, natural gas and coal are the most commonly used fuels, corresponding to around 
80% of the total primary energy used in the world. This is causing both a pollution problem and international 
conflicts related to energy security [1]. Biomass is a promising fuel to substitute fossil fuels, due to its 
renewable nature which comes from its capability of utilizing the carbon dioxide emitted during the biomass 
conversion to grow the next generation of biomass.  The use of biomass-derived fuels has been steadily 
increasing lately, corresponding currently to more than 14% of the total primary energy consumption in the 
world [2]. Biomass can be employed for power generation directly in a combustor [3] or to produce desirable 
products such as liquid biofuels [4], synthesis gas [5], and charcoal [6]. The pyrolysis process is a relevant 
sub-process in the thermo-chemical conversion of biomass particles in industrial applications, where 
typically larger particle sizes are employed and thus the reaction inside such particles occurs in absence of 
oxygen [7]. 
The kinetics of the biomass pryrolysis can be described based on the activation energy, Ea, and the pre-
exponential factor, k0, of the fuel. There are several different models available in the literature to 
characterize the pyrolysis process, such as the single step model [8], the two parallel reaction model [9], the 
three pseudo-components model [10], the sectional approach model [11], and the Distributed Activation 
Energy Model (DAEM). Vand [12] developed originally the Distributed Activation Energy Model, and Miura 
[13] and Miura and Maki [14] simplified the mathematical process to obtain the activation energy and pre-
exponential factor of the fuel from several thermogravimetric analysis (TGA) curves, obtained at different 
linear heating rates. The method has been widely used to describe the pyrolysis of a numerous variety of 
samples, such as coal [14-16], charcoal [17], oil shale [18], polymers [19], solid waste [20, 21], sewage 
sludge [22], and biomass [22-35]. DAEM has also been employed by Xiong et al. [36] in combination with 
CFD simulations to describe fast pyrolysis of biomass in fluidized beds obtaining accurate results. This 
process was analyzed in detail by these authors in [37] and [38]. 
The main parameters to describe the kinetics of the pyrolysis process, i.e. the activation energy and pre-
exponential factor, can be obtained by applying the simplified Distributed Activation Energy Model proposed 
by Miura and Maki [14] to TGA curves obtained at different linear heating rates. The activation energy and 
pre-exponential factor can then be employed to model the pyrolysis process occurring at higher heating 
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rates. Nevertheless, the model is capable of describing the pyrolysis process only under linear temperature 
increases, which is a significant limitation since the temperature increase in industrial reactors could be 
faster than linear increase. For instance, the temperature increase of a biomass particle injected in a furnace 
with a higher homogeneous temperature, such as a fluidized bed, would be exponential, provided that the 
Biot number of the particle is low. In fact, for low Biot numbers (Bi < 0.1), the Lumped Capacitance Method 
can be employed to determine the temperature of the biomass particle, obtaining an exponential increase of 
this temperature with time. Exponential heating rates have been employed to analyze the devolatilization of 
biomass particles in fluidized beds by Saastamoinen [39].  
In this work, the simplified Distributed Activation Energy Model proposed by Miura and Maki [14] is modified 
to describe the pyrolysis process of biomass occurring under parabolic and exponential temperature 
increases. The selection of the model proposed by Miura and Maki [14] was based on the simplicity of this 
model to obtain the parameters that describe the pyrolysis kinetics. The mathematical procedure followed by 
the Miura and Maki [14] model permits to consider parabolic and exponential temperature icreases, which is 
the focus of our work, without the need of new assumptions. The models derived in this work for parabolic 
and exponential temperature profiles are validated with measurements of the pyrolysis of four different 
biomass species (pine wood, olive kernel, thistle flower and corncob) performed in a thermogravimetric 
analyzer under nine different parabolic and exponential temperature increases. The comparison of the 
estimations of the models and the experimental data for the nine parabolic and exponential temperature 
increases of the four biomass species, resulted in temperature deviations lower than 5 ºC for all the cases 
analyzed. 
2. Mathematical model 
The Distributed Activation Energy Model was proposed by Vand [12] and, since then, it has been widely 
used to describe the pyrolysis process of different fuels. DAEM assumes the existence of an infinite number 
of parallel first order chemical reactions, with a reaction velocity described by the Arrhenius kinetics 
equation. The reacted fraction, V/V*, can be determined as: 
( )dEEfdtek
V
V t RTE∫ ∫
∞
− 



−=−
0
0
/
0* exp1  (1) 
The exponential function in Eq. (1) is the φ function: 
( )/0 0( , ) exp t E RTE T k e dtφ −= − ∫  (2) 
5 
 
This φ function is typically assumed to be a step function at a value of E = Ea, and thus Eq. (1) can be 
simplified as: 
( )* 0
aE
a a
V f E dE
V
= ∫  (3) 
2.1. Arrhenius equation for a parabolic temperature profile 
Considering a parabolic increase of temperature with time, the φ function can be written as: 
/
2 0
0
( , ) exp
2
E RTTk eT b t E T dT
b T
φ
− 
= ⋅ → = − 
 
∫  (4) 
The φ function describe in Eq. (4) can be approximated to: 
1.5
/0( , ) exp
2
E RTk RTE T e
bE
φ −
 
≅ − 
 
 (5) 
The value of the activation energy, Ea, is typically selected to satisfy φ(Ea,T) = 0.58, a value found by Miura 
[13] to obtain a proper approximation for several combinations of k0 and f(E) when operating with linear 
temperature profiles. Nevertheless, for a parabolic temperature profile, the value of the φ function, φ(Ea,T) = 
φpar, to determine the activation energy, Ea, might be different. Knowing this value of the φ function, a relation 
between Ea, b, T, and k0 can be established: 
/
1.5
0
2ln( ) aE RTapar
bE e
k RT
φ −− =  (6) 
Taking the natural logarithm to both sides of Eq. (6) and rearranging terms, the Arrhenius equation for a 
parabolic temperature profile is obtained. 
( )01.5
1ln ln ln ln
2
a
par
a
k R Eb
T E R T
φ
     = − − −         
 (7) 
2.2. Arrhenius equation for an exponential temperature profile 
The φ function for an exponential temperature increase is: 
/
0
0 0
( , ) exp
E RTTc t k eT c e E T dT
c T
φ
−
⋅  = ⋅ → = − 
 
∫  (8) 
The value of the φ function for an exponential temperature profile, shown in Eq. (8), can be approximated to: 
/0( , ) exp E RTk RTE T e
cE
φ − ≅ − 
 
 (9) 
6 
 
For an exponential increase of temperature with time, the value of the φ function, φ(Ea,T) = φexp, to determine 
the activation energy, Ea, should be also determined, so that a relation between Ea, c, T, and k0 can be 
written in the form: 
/
exp
0
ln( ) aE RTacE e
k RT
φ −− =  (10) 
Taking the natural logarithm to both sides of Eq. (10) and rearranging terms, the Arrhenius equation for an 
exponential temperature profile is obtained. 
( )0 1ln ln ln ln aexp
a
k R Ec
T E R T
φ
    = − − −       
 (11) 
The Arrhenius equation for a parabolic temperature profile, Eq. (7), and for an exponential temperature 
profile, Eq. (11), can be employed to determine the temperature at which the devolatilization of a fuel, with 
activation energy Ea and pre-exponential factor k0, occurs. Nevertheless, a representative value of the φ 
function, φ(Ea,T) = φpar and φ(Ea,T) = φexp, to determine the activation energy, Ea, should be selected. 
 
2.3. Value of the φ function for a parabolic and exponential temperature profile 
Miura [13] obtained a representative value of φ(Ea,T) to determine the activation energy, Ea, when using a 
linear temperature profile. Here, the procedure proposed by Muira [13] will be applied to determine the 
representative value of φ(Ea,T) = φpar and  φ(Ea,T) = φexp, when operating with a parabolic and an exponential 
temperature profile respectively. The φ function can be simplified as a step function for a value E = Ea, which 
can be obtained equaling the following integrals: 
( ) ( )
0 aE
f E dE f E dEφ
∞ ∞
=∫ ∫  (12) 
A distribution should be assumed for f(E) and k0 to calculate Ea from Eq. (12), being the Gaussian 
distribution for f(E) and the uniform distribution for k0 the most typical assumptions [24], [40]: 
( ) ( )
2
0
2
1 exp
22
E E
f E
σσ p
 −
= − 
  
 (13) 
0k cte=  (14) 
The average value, E0, and the standard deviation, σ, of the activation energy and the uniform value of k0 for 
four different biomass species (pine wood, olive kernel, thistle flower and corncob) were obtained in our 
previous work [41] for devolatilization rates between 20% and 70%. The values are shown in Table 1. 
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Sample E0 [kJ mol-1] σ [kJ mol-1] k0 [s-1] 
Pine wood 165.0 2.6 1.57·1012 
Olive kernel 162.2 3.2 4.11·1012 
Thistle flower 154.5 1.6 2.80·1011 
Corncob 183.5 5.0 2.31·1014 
Table 1: Characteristic values of the Gaussian distribution of f(E) and uniform distribution of k0 for four 
different biomass samples (obtained from Soria-Verdugo et al. [41]). 
The values shown in Table 1 were employed to build the activation energy function, f(E), for each biomass 
sample. This function was used to determine the activation energy, Ea, needed to fulfill Eq. (12) for each 
case. Once the activation energy, Ea, was determined, the values of φ(Ea,T) = φpar  and φ(Ea,T) = φexp were 
obtained.  
The process to obtain φpar is shown graphically in Figure 1 for the pine wood and thistle flower samples. 
Similar results were obtained for the olive kernel and corncob samples. 
 
Figure 1: Process to obtain the value of the φ function for a parabolic temperature profile (φpar). 
The values of the φ function for a parabolic temperature profile, φpar, obtained following the procedure 
describe in Figure 1 were 0.718 for pine wood, 0.695 for olive kernel, 0.714 for thistle flower and 0.719 for 
corncob. Therefore, a value of φ(Ea,T) = φpar = 0.71 is proposed as a representative value. Including this 
value in Eq. (7), the Arrhenius equation for a parabolic temperature profile is obtained: 
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0
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 (15) 
Following a similar procedure to that described in Figure 1 for the parabolic temperature profile, Figure 2 
shows the process to obtain φexp for the pine wood and thistle flower samples, obtaining again similar results 
for the samples of olive kernel and corncob, which are not represented for simplicity. 
 
Figure 2: Process to obtain the value of the φ function for an exponential temperature profile (φexp). 
Following the procedure describe in Figure 2, the values of the φ function for an exponential temperature 
profile, φexp, obtained were 0.852 for pine wood, 0.836 for olive kernel, 0.834 for thistle flower and 0.831 for 
corncob. Therefore, a representative value of φ(Ea,T) = φexp = 0.84 is proposed when analyzing the pyrolysis 
process of a sample with an exponential temperature increase. Including this value in Eq. (11), the Arrhenius 
equation for an exponential temperature profile is obtained: 
0 1ln ln 1.7467 a
a
k R Ec
T E R T
   = + −  
   
 (16) 
3. Experimental Measurements 
The validity of the Arrhenius equations obtained for the parabolic (Eq. 15) and exponential (Eq. 16) 
temperature increases was analyzed studying the pyrolysis process of four different biomass species using 
a thermogravimetric analyzer. Thermogravimetric measurements were performed in a TGA Q500 from TA 
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Instrument under an inert atmosphere, supplying the furnace with a nitrogen flow rate of 60 ml/min. Four 
different biomass species were tested: pine wood, olive kernel, thistle flower and corncob. The different 
biomass species analyzed were shredded and sieved. The mass of the samples employed in the TGA tests 
was 10±0.5 mg, with a particle size lower than 100 µm to avoid heat transfer effects inside the sample, 
according to the studies of Hu et al. [23] and Mani et al. [42]. A complete characterization of the biomass 
samples studied was carried out prior to the tests, including a proximate analysis and an ultimate analysis. 
The proximate analysis was conducted in the TGA Q500 from TA Instrument using an atmosphere of 
nitrogen for the determination of the humidity (at a temperature of 105 ºC) and the volatile matter content (at 
a temperature of 900 ºC), whereas the ash content was determined as the mass remaining after a test using 
an atmosphere of oxygen at a temperature of 550 ºC. The ultimate analysis was performed in a LECO 
TruSpec CHN Macro and TruSpec S analyzer, capable of measuring the content in carbon, hydrogen, 
nitrogen and sulfur of the sample. The results of the proximate and ultimate analysis of the different biomass 
samples are shown in Table 2. The pyrolysis of these four samples under linear temperature increases was 
studied in a previous work [41], obtaining accurate values for the activation energy, Ea, and the pre-
exponential factor, k0, of each sample. 
Proximate analysis 
 Pine wood Olive kernel Thistle flower Corncob 
Humidity [%wb] 4.2 4.8 3.9 6.9 
Volatile matter [%wb] 78.9 73.3 74.2 80.3 
Fixed carbona [%wb] 13.7 19.6 17.7 10.3 
Ash content [%wb] 3.2 2.3 4.2 2.5 
Elemental analysis 
 Pine wood Olive kernel Thistle flower Corncob 
C [%db] 47.1 51.1 44.7 44.8 
H [%db] 7.0 6.0 6.0 7.5 
N [%db] 0.1 0.9 0.7 1.1 
S [%db] 0.1 0.1 0.2 0.2 
Oa [%db] 42.4 39.5 44.0 43.7 
Table 2: Results of the proximate analysis and the elemental analysis (wb: wet basis, db: dry basis,              
a obtained by difference). 
In this work, the pyrolysis process of pine wood, olive kernel, thistle flower and corncob under parabolic and 
exponential temperature increases is analyzed. The temperature profile employed during the tests was 
similar to that employed previously in Soria-Verdugo et al. [41]. First, the temperature was increased from 
room temperature to 105 ºC and maintained constant during 20 min to dry the sample. Then, the 
temperature was reduced to 50 ºC to increase linearly from this point to 150 ºC. At 150 ºC the parabolic or 
exponential temperature increase started, until the temperature reached 700 ºC. Since the thermogravimetic 
analyzer employed permitted only constant heating rates (i.e. linear temperature increase), the parabolic 
and exponential temperature increases between 150 ºC and 500 ºC were composed of 25 short linear 
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temperature increases, guaranteeing that the determination coefficient, R2, between the measured 
temperature and the parabolic or exponential fitting was higher than 0.998 for all the cases. Figure 3 shows 
an example of the measured temperature and the fitting for the parabolic (a) and the exponential (b) 
temperature profiles, between 150 ºC and 500 ºC where the pyrolysis of the four biomass species occurs 
[41]. 
 
Figure 3: Temperature profiles. a) Parabolic temperature profile (b = 0.113 ºC min-2). b) Exponential 
temperature profile (c = 0.035 min-1). 
The parabolic temperature increase during the biomass pyrolysis, between 150 ºC and 500 ºC, follows Eq. 
(17) 
[ ] [ ]( )2' ºC 150 minT b t= + ⋅  (17) 
while the exponential temperature increase follows Eq. (18) 
[ ] [ ]( )' ºC 146.5 3.5 exp minT c t= + ⋅ ⋅  (18) 
A total of nine different parabolic temperature increases were analyzed, varying the value of b = 0.050, 
0.060, 0.072, 0.090, 0.113, 0.149, 0.203, 0.295, 0.464 ºC min-2. In a similar way, nine different exponential 
temperature increases were tested, varying the value of c = 0.023, 0.025, 0.027, 0.031, 0.035, 0.040, 0.047, 
0.056, 0.071 min-1. 
4. Results and Discussion 
The results of the reacted fraction during the pyrolysis process, V/V*, as a function of temperature, T’, for the 
four biomass samples studied are shown in Figure 4 and Figure 5, for the parabolic and exponential 
temperature increases respectively. A slight displacement of the pyrolysis process to higher temperatures is 
observed for faster temperature increases, both for the parabolic (Figure 4) and for the exponential 
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temperature profiles (Figure 5), as a result of the non-isothermal pyrolysis process as found by Munir et al. 
[35] and Tonbul et al. [43]. 
 
Figure 4: Reacted fraction during the pyrolysis process, V/V*, as a function of temperature, T’, for a 
parabolic temperature increase. a) Pine wood, b) Olive kernel, c) Thistle flower, d) Corncob. 
The differences of the reacted fraction, V/V*, variation with temperature when this is increased parabolically 
(Figure 4) or exponentially (Figure 5) are slight. Nevertheless, it should be notice that the differences could 
be significant when plotting the reacted fraction, V/V*, as a function of time. The pyrolysis occurs between 
250 and 400 ºC for the pine wood (Figure 4 a) and 5 a)) and olive kernel (Figure 4 b) and 5 b)). The 
pyrolysis temperature range for the thistle flower (Figure 4 c) and 5 c)) is wider, whereas the reacted 
fraction, V/V*, of corncob (Figure 4 d) and 5 d)) increases sharply at a temperature around 300 ºC. The 
measured variation of the reacted fraction, V/V*, with temperature, T’, for the four biomass samples 
subjected to parabolic and exponential temperature increases, shown respectively in Figures 4 and 5, will be 
used to test the validity of the Arrhenius equations obtained in Section 2.  
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The Arrhenius equations for the parabolic (Eq. 15) and the exponential (Eq. 16) temperature profiles can be 
employed to calculate the temperature, T, for a particular reacted fraction, V/V*, provided that the activation 
energy, Ea, and the pre-exponential factor, k0, of the sample are known. Accurate values of the activation 
energy, Ea, and the pre-exponential factor, k0, of the pine wood, olive kernel, thistle flower and corncob were 
obtained previously in Soria-Verdugo et al. [41], using nine different linear heating rates. The values 
obtained in Soria-Verdugo et al. [41] for the activation energy and pre-exponential factor of the different 
samples are shown in Figure 6. These kinetic parameters (Ea and k0) for the pine sample are in agreement 
with those of Shen et al. [26] and Poletto et al. [32], the values for the olive kernel sample are similar to 
those obtained by Aboulkas et al. [45] and Ounas et al. [46], the activation energy and pre-exponential factor 
of the thistle flower sample are comparable to the values reported by Damartzis et al. [47], and the results 
obtained for the corncob sample are similar to those of Sonobe and Worasuwannarak [25] and Chen et al. 
[29]. 
 
Figure 5: Reacted fraction during the pyrolysis process, V/V*, as a function of temperature, T’, for an 
exponential temperature increase. a) Pine wood, b) Olive kernel, c) Thistle flower, d) Corncob.  
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Figure 6: Activation energy (a) and pre-exponential factor (b) of the four biomass species studied, obtained 
from nine different linear heating rate TGA curves in Soria-Verdugo et al. [41]. 
The values of the activation energy, Ea, and pre-exponential factor, k0, as a function of the reacted fraction, 
V/V*, shown in Figure 6 can be included in the Arrhenius equations for a parabolic temperature profile (Eq. 
15) or for an exponential temperature profile (Eq. 16). Solving the Arrhenius equations for a particular value 
of b (parabolic temperature increase) or c (exponential temperature increase) employing a Newton-Raphson 
method, the temperature, T, at which a particular value of the reacted fraction, V/V*, occurred was 
calculated, and thus the relation of V/V* and T was numerically derived. The relation of V/V* and T obtained 
solving the Arrhenius equation for the parabolic temperature increase (Eq. 15) was compared to the 
measured values presented in Figure 4, and the estimated variation of V/V* and T obtained solving the 
Arrhenius equation for the exponential temperature increase (Eq. 16) was compared to the measured values 
shown in Figure 5. The deviation between the temperature estimated by the Arrhenius equations and the 
measured temperature is plotted in Figure 7 for all the biomass species, using both the parabolic (a) and 
exponential (b) temperature increases. Figure 7 shows only one case for the parabolic (b = 0.113 ºC min-2) 
and the exponential (c = 0.035 min-1) temperature profiles, nevertheless the deviation is lower than 5 ºC for 
all the cases measured, which seems to be acceptable since this deviation is similar to the differences in the 
reactor temperature obtained by Park et al. [44] during the pyrolysis process of biomass in a fluidized bed, a 
system characterized by an homogeneous temperature. The deviation between the experimental results and 
the curves obtained using directly the model proposed by Miura and Maki [14] with a linear temperature 
increase, with the same initial and final point than the parabolic and exponential increases, was more than 
five times larger than those obtained employing the Arrhenius equations for the parabolic and exponential 
temperature profiles. Therefore, the Arrhenius equations for the parabolic (Eq. 15) and exponential (Eq. 16) 
temperature increases seem to describe accurately the pyrolysis process of biomass subjected to these 
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temperature profiles. The model could be also employed for higher heating rates provided that the heat and 
mass transfer effects inside the sample are negligible.  
 
Figure 7: Deviation between the temperature estimated by the Arrhenius equations and the temperature 
measured in TGA. a) Parabolic temperature profile (b = 0.113 ºC min-2) b) Exponential temperature profile (c 
= 0.035 min-1). 
5. Conclusions 
The simplified Distributed Activation Energy Model proposed by Miura and Maki [14] was modified to enable 
the description of the pyrolysis process of solid fuels under parabolic and exponential temperature 
increases. The pyrolysis process under parabolic and exponential temperature profiles was experimentally 
characterized in a thermogravimetric analyzer. Nine different parabolic and exponential temperature 
increases were obtained by a composition of 25 short linear temperature increases, which guarantee a high 
determination coefficient between the composition of linear increases and the parabolic or exponential 
temperature increase. Four different biomass samples of pine wood, olive kernel, thistle flower and corncob 
were subjected to the nine parabolic and exponential temperature profiles in the thermogravimetric analyzer, 
measuring the reacted fraction as a function of the temperature during the pyrolysis process. The model 
proposed was validated by the comparison of the reacted fraction predicted by the model and that measured 
in the TGA, obtaining deviations lower than 5 ºC for the four biomass samples analyzed under the nine 
different parabolic and exponential temperature profiles. Therefore, the models proposed to describe the 
pyrolysis of biomass under parabolic and exponential temperature increases were found to estimate 
accurately the reacted fraction of the fuel as a function of temperature during the pyrolysis process with 
parabolic and exponential temperature profiles.  
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